Introduction
Terminal deoxynucleotidyltransferase (TdT) gene located at chromosome 10q23-q24 [1] encodes for a unique DNA polymerase that catalyzes the addition of non-templated (N) nucleotides onto the free 3-prime-hydroxyl end of DNA primers [2] . The only known physiological function of TdT is the random addition of nucleotides to the V(D)J junctions of immunoglobulin heavy chain and T cell receptor gene rearrangements [3] . Consequently, the enzyme is present in the B and T cell precursors in bone marrow and thymus, as well as in the neoplasias and cell lines originating from these cells. TdT is additionally expressed in a proportion of acute myeloid leukaemia (AML) [4, 5] .
In normal bone marrow trephines, TdT-positive cells are accepted as haematogones [6] . These cells show a high nuclear to cytoplasm ratio, homogeneously condensed nuclear chromatin with absent to inconspicuous nucleoli and variable nuclear size. A continuum of various lymphoid and B cell antigens are expressed by these cells, including CD34, CD45, CD19, CD20 and CD10 reflecting ongoing lymphoid maturation [7] . Haematogones are more abundant in children than in adults [8, 9] . Con ditions of significant bone marrow suppression or B cell dysfunction in adults including multi-agent chemotherapy, bone marrow transplantation and infections are linked with increased haematogones [10] . Using an antibody panel including TdT in our daily diagnostic routine, we could observe that a proportion of patients with AML have increased TdT-positive non-neoplastic cells at time of diagnosis as well as after therapy often without an additional expression of CD20, CD10 or CD19. Due to the fact that these patients have a highly suppressed bone marrow caused by AML or therapy, the question arose whether these cells might also be of myeloid origin. To clarify this question, we investigated the TdT-positive non-neoplastic cells systematically by double immunolabelling of paraffin-embedded bone marrow trephines coupling detection of TdT with CD3, CD10, CD19, glycophorin C, myeloperoxidase (MPO) and CD117.
Patients and Methods
For this retrospective investigation, 140 paraffin-embedded and decalcified bone marrow trephines of 67 patients with AML diagnosed from 2007 to March 2009 were retrieved from the archives of the Institute of Pathology, Charité Universitätsmedizin Berlin, Campus Mitte. All samples from 67 patients were anonymised. Forty-five patients had more than one biopsy (usually before and after therapy), while in the other 24 patients we had the possibility to investigate only one biopsy usually from the leukaemia manifestation and less often after therapy. Nineteen patients underwent stem cell transplantation (SCT), whereas the others were treated by chemotherapy. The AMLs were classified according to the WHO/FAB classifications after a combination of histological, immunophenotypical, fluorescence-activated cell sorting and cytogenetic analysis as follows: 15 patients were grouped into AML with minimal differentiation/M0, 14 into AML without maturation/M1, 18 into AML with maturation/ M2, 2 patients were verified as an acute promyelocytic leukaemia/M3, 4 patients as acute myelomonocytic leukaemia/M4, 3 patients as an acute monocytic/monoblastic leukaemia/M5 and 1 patient as acute erythroid leukaemia/M6. Ten cases were separated as secondary AML and one showed the features of AML with a translocation t(8; 21). Among the patients there were 43 males and 24 females. Ten patients were younger than 40 years at the time of diagnosis. After SCT the biopsies were performed at days 21-28. Double labelling on the tissue sections was accomplished using two different polymer detection systems both obtained from Leica Microsystems: (1) the Bond Polymer Refine (a peroxidasebased detection reagent) and (2) the Bond Polymer AP Red (an alkaline phosphatase detection reagent). The stainings were performed in the Bond-max TM immunostainer (Leica Microsystems) using the software-based double staining protocol. This multistep protocol initially performs an incubation of the first antibody (CD3, CD19, CD10, CD117, glycophorin C and myeloperoxidase) followed by the peroxidase-based detection system which uses diaminobenzidine for visualisation of the reaction product. Afterwards the sections became incubated with the TdT antibody. Then the alkaline phosphatase reagent was applied with visualisation of the reaction by means of the Fast Red substrate. Finally, the slides were counterstained with haematoxylin. The antibodies employed in this study were: TdT (clone SEN28), CD3 (clone LN10), CD10 (clone 56C6), CD19 (clone BT51E) all from Leica Microsystems, Novocastra Laboratories (Newcastle upon Tyne, UK), CD117 (polyclonal), glycophorin C (clone Ret40f) obtained from Dako (Glostrup, Denmark) and myeloperoxidase (polyclonal) obtained from Thermo-Fisher Scientific (Fremont, USA).
The percentage of positive cells was determined in the respective double labellings after counting of all labelled cells in each trephine. AML cells were identified not only on histomorphological features but also in combination with appropriate immunostains for CD34, CD117, myeloperoxidase, CD68 and glycophorin C. Non-neoplastic TdT-positive cells exhibited smaller nuclei than the AML cells as well as a different distribution ( fig. 1 a, b) .
Results

TdT-Positive Cells
In 41 (61%) of the investigated cases, TdT-positive cells made up 5-30% of the total cellularity. In 11 of these cases a variable proportion of the AML cells showed a co-expression of TdT. The AML cases with TdT-positive tumour cells were classified as minimally differentiated/M0 (1 case), without maturation/M1 (1 case), with maturation/M2 (4 cases), promyelocytic/M3 (2 cases), monoblastic/monocytic/M5 (1 case), secondary AML (2 cases).
In 6 cases an increase in the total number of TdT-positive cells could be observed after chemotherapy and in additional 8 cases after SCT. A decrease in non-neoplastic TdT-positive cells was found in 4 cases after chemotherapy and in 6 cases after SCT. The remaining cases did not show any variation in the total number of TdT-positive cells after therapy.
CD19/TdT-Positive Cells
Twenty-seven (40%) of the cases contained a variable proportion (1-90%) of CD19/TdT-positive cells ( fig. 2 a) . This population increased in 5 cases after chemotherapy and in 6 cases after SCT. In 3 cases after chemotherapy and in 6 cases after SCT this population was highly diminished to absent.
CD10/TdT-Positive Cells
In 32 (48%) of all investigated cases 5-80% of the nonneoplastic TdT-positive cells showed a co-expression of CD10 and TdT ( fig. 2 b) . In 7 cases after chemotherapy and in 6 cases after SCT an increase in CD10/TdT+ cells could be observed, whereas in 4 cases after chemotherapy and 6 cases after SCT these cells were present in lower numbers than before.
CD117/TdT-Positive Cells
In 9 cases (13%), non-neoplastic TdT and CD117 coexpressing cells with smaller nuclei and different distribution than the AML population could be identified ( fig. 1 a) . It is of importance to note that none of these AML cases contained TdT-positive cells. These made up 10-80% of the non-neoplastic TdT-positive cell population and expressed TdT with a variable intensity ( fig. 2 c) . In 2 of these cases the number of TdT/CD117-positive non-neoplastic cells increased after SCT, in further 5 cases the number of these cells decreased after chemotherapy (4 cases) or after SCT (1 case).
Myeloperoxidase/TdT-Positive Cells
Eleven cases (16%) harboured non-neoplastic cells exhibiting a co-expression of myeloperoxidase and TdT ( fig. 1 b, 2 d) . These cells made up to 30% of the TdT-positive non-neoplastic cells. In 1 of these cases after chemotherapy and in further 4 after SCT the number of these cells increased. In 5 cases (2 after chemotherapy and 3 after SCT) this cell population decreased.
Glycophorin C/TdT-Positive Cells
Ten cases (15%) showed the presence of positive nonneoplastic cells after double labelling with glycophorin C and TdT ( fig. 2 e) . Glycophorin C was not found to be expressed by the AML cells in any of these cases. In 1 case after chemotherapy and in 2 cases after SCT the number of these cells increased, whereas in 1 case after SCT and 3 cases after chemotherapy these cells became undetectable. In most of these cases the number of double-positive cells was low ( ! 30% of all TdT-expressing cells). In the single case with a higher ratio (70% of all TdT-positive cells), a relapse of AML was diagnosed and additionally verified by the haematologists after flow cytometry analysis.
CD3/TdT-Positive Cells
We found only 1 AML case which did not express lymphoid antigens harbouring a relatively high proportion of CD3/TdT-positive cells (30%). The biopsy was made after first induction phase ( fig. 2 f) . The number of these cells was reduced after the second chemotherapy.
Patients with Relapse
Five patients got a relapse during our study. . In addition to the TdT-expressing AML cells, 13% of the cases contained non-neoplastic cells co-expressing CD117 and TdT ( c ). In 16% of the cases non-neoplastic cells co-expressing TdT and myeloperoxidase were identified ( d ). TdT-positive non-neoplastic cells co-expressing glycophorin C were found in 15% of the cases ( e ). One AML patient showed the presence of CD3 and TdT coexpressing cells after first induction therapy ( f ). Double labelling was performed in an automated immunostainer (Bond-maX TM ) using a combination of peroxidase (brown nuclear staining) and alkaline phosphatase (red cytoplasmic/membrane staining) detection systems.
Discussion
TdT-positive cells in bone marrow biopsies have been the topic of several investigations. Some authors have investigated TdT-positive cells in bone marrow biopsies from patients with acute leukaemia focussing on the separation of haematogones from tumour cells of ALL [11] . According to their results, TdT-positive cells were defined as haematogones (normal precursor B cells), which reflect the vigorous B cell generation after treatment [10] . Other authors described primitive lymphoid progenitors in bone marrows with a T lineage reconstruction potential [12] . Regarding AML, only the tumour cells have been investigated correlating the expression pattern of different myeloid and lymphoid molecules and the various subtypes/disease entities [13] . None of the authors however investigated the antigen expression patterns of reactive TdT-positive cells. This is the first study which systematically analyzed TdT-positive non-tumour cells in bone marrows of AML patients at first manifestation as well as after chemotherapy or SCT. To clarify the origin of these cells following lineage specific antibodies were chosen for double immunostaining: MPO, glycophorin C, CD19 and CD3. Additionally, the co-expression of TdT/CD10 and TdT/ CD117 was investigated. Considering the fact that patients with AML before and after therapy underlie a strong bone marrow suppression resulting in pancytopenia, we tried to find out whether TdT-positive cells represent a heterogeneous group of myeloid and lymphoid progenitor cells or not.
Our results regarding co-expression of TdT/CD10 as well as of TdT /CD19 are in line with the published data: in 40 and 48% of the cases, CD19-and CD10-positive cells co-expressed TdT, respectively [8] . Twenty-two cases harboured both subpopulations, so we concluded that these cells represented haematogones. Three cases showed CD10/TdT-positive cells as well as MPO/TdT-positive cells but no CD19/TdT-positive cells. As it is known that CD10 is also detectable in granulopoietic cells, the precise differentiation between haematogones and immature myeloid cells has not been possible in these cases. Our results with respect to TdT-positive cells with co-expression of molecules specific for erythropoiesis and granulopoiesis are surprising. In 18% of all investigated cases we could identify a subpopulation of TdT-positive nonneoplastic cells (up to 30%) co-expressing MPO, a lineage-specific molecule of granulopoietic cells. Similar results could be obtained regarding the double immunostaining with glycophorin C and TdT. In 15% of the cases we could identify TdT-positive non-tumour cells expressing this erythroid lineage-specific molecule (the relapse patient not added). Excluding the TdT-positive tumour cells in patients with first manifestation or in relapse, cells with double expression of CD117 and TdT were found in 9 cases (13%). As all of these patients who showed cells with lineage-specific double expression with TdT are in clinical remission (as evidenced by flow cytometric analysis), these cells were interpreted as being non-neoplastic. Finally, 1 case was identified containing large numbers of TdT-positive cells co-expressing CD3 after the first induction therapy.
Another aspect of our study was to find out if the TdTpositive cells are increased or decreased after therapy: we expected an increase in TdT-positive non-neoplastic cells after treatment, because of the therapy-associated bone marrow depletion with the resulting need for regeneration [10] . Surprisingly, a decrease in these cells after therapy was detected at similar frequency as an increase. We propose that the high neoplastic cell load occupying 80-100% of the total bone marrow cellularity during primary manifestation of AML has also resulted in a significant depression of haematopoiesis. Therefore, 41% of these marrows already showed an elevated TdT-positive nonneoplastic subpopulation before treatment. Finally, no differences in the increase or decrease of TdT-positive cells between patients treated either with chemotherapy or SCT could be observed.
Taken together this study could point out two important and new facts. First, double immunolabellings with TdT and different line-specific molecules (glycophorin C, CD3, CD19 and MPO) could demonstrate that nonneoplastic TdT-positive cells in bone marrow trephines are not always haematogones but show also features of myeloid origin. The second interesting point is that there were no differences in the number of TdT-positive cells before and after chemotherapy or SCT. In order to clarify why a small portion of myeloid cells is able to express TdT, molecular studies at single cell level are required.
